Sperm thiol oxidation and the ability to undergo protein tyrosine phosphorylation are associated with the acquisition of sperm motility and fertilizing ability during passage of spermatozoa through the epididymis. Phosphotyrosine levels in various cells are controlled by tyrosine kinase versus phosphatase, with the latter known to be inhibited by oxidation. In the present paper we examine whether changes in thiol status during sperm maturation affect rat sperm protein phosphotyrosine levels and protein phosphotyrosine phosphatase (PTP) activity. Tyrosine phosphorylation, as demonstrated by immunoblotting (IB), was significantly increased in several sperm tail proteins during maturation in the epididymis. Sperm thiol oxidation with diamide enhanced tail protein phosphorylation; reduction of disulfides with dithiothreitol diminished phosphorylation. In the sperm head, a moderate increase in tyrosine phosphorylation was accompanied by altered localization of phosphotyrosine proteins during maturation. Blocking of thiols and PTP activity with Nethylmaleimide led to increased tyrosine phosphorylation of protamine in caput sperm heads. Several PTP bands were identified by IB. In the caput spermatozoa, a prominent level of the 50 kDa band was present, whereas in the cauda spermatozoa a very low level of the 50 kDa band was found. PTP activity, measured by using p-nitrophenyl phosphate as a substrate, was significantly higher in the caput spermatozoa (high thiol content) than in the cauda spermatozoa (low thiol content). Our results show that PTP activity is correlated with sperm thiol status and suggest that tyrosine phosphorylation of sperm proteins during sperm maturation is promoted by thiol oxidation and diminished PTP.
INTRODUCTION
Phosphorylation of protein tyrosine residues plays an essential role in the regulation of diverse cellular functions. In spermatozoa, phosphorylation of protein tyrosine residues is associated with sperm capacitation and acrosome reaction in several mammalian species [1] [2] [3] [4] . During epididymal maturation, spermatozoa acquire the ability to become motile, and upon capacitation they undergo a qualitative change in motility and gain fertilizing ability [5] . It is thought that phosphorylation/dephosphorylation events, mainly in flagellar proteins, play a role in these motility changes [6, 7] .
Two opposing enzyme families, phosphotyrosine kinases (PTKs) and phosphotyrosine phosphatases (PTPs) control the level of any particular protein phosphotyrosine [8] [9] [10] . Normally, the activity of cellular PTP is very high relative to that of PTK, so that a very low basal level of phosphotyrosine is maintained in cells. Tyrosine phosphorylation in cells is promoted by binding of ligands to their cellular receptors. A variety of oxidative stress agents such as hydrogen peroxide [11, 12] , the thiol oxidizing agent diamide [13, 14] , thiol alkylating agents [14, 15] , and nitric oxide [16, 17] , as well as UV irradiation [18] , can also promote protein tyrosine phosphorylation in various intact cells.
Spermatozoa, like other cells, produce reactive oxygen species when incubated under aerobic conditions [15] . A causal association between the formation of reactive oxygen species, tyrosine phosphorylation, and sperm function was found [11] . In general, oxidizing conditions enhanced tyrosine phosphorylation and promoted capacitation and egg penetration, whereas reducing conditions had the opposite effect [11] .
Several studies have suggested that stabilization of sperm structures during epididymal maturation is achieved mainly through the oxidation of thiol groups. We have previously demonstrated that in the rat, sperm protein thiols are oxidized upon passage from caput to the cauda epididymis [19, 20] . The potential of spermatozoa to undergo tyrosine phosphorylation is also increased upon passage from caput to cauda epididymis [21] [22] [23] .
In some cell types, the enhanced tyrosine phosphorylation was suggested to result from oxidation and direct activation of PTK [24, 25] . However, since all PTPs contain at their active center a highly reactive cysteine residue that is essential for phosphatase activity [10, 26] , inhibitory effect of the oxidants on PTP activity has been considered to be the more likely mechanism, indirectly responsible for the tyrosine phosphorylation [14, 26, 27] . Many protein kinases such as cAMP-dependent and cAMP-independent protein kinases, casein kinase II, protein kinase C, and PTK have been identified in the spermatozoa of a variety of mammals [21, [28] [29] [30] . Relatively little is known about protein phosphatases in mammalian spermatozoa.
In erythrocytes, it has been demonstrated that alterations in cellular thiol status affect the cell phosphotyrosine status and that oxidative stress-induced tyrosine phosphorylation involves inhibition of PTP [14] . In the present work we studied rat sperm tyrosine phosphorylation and PTP during sperm maturation in the epididymis (i.e., in caput and cauda spermatozoa containing high and low thiol levels, respectively) and modulation by altered thiol status. We show that thiol oxidation/reduction affects sperm tyrosine phosphorylation and that PTP activity is correlated with sperm thiol status. Our results suggest that protein tyrosine phosphorylation during sperm maturation is promoted by thiol oxidation and loss of PTP activity.
MATERIALS AND METHODS

Collection of Spermatozoa
Mature albino Wistar-derived rat males 4-8 mo old were used for this study. The study was carried out in accordance with the rules established by the Animal Care and Use Committee at Tel-Aviv University. Spermatozoa from caput and cauda epididymis were obtained by cutting the epididymal duct. Spermatozoa were released into 135 mM NaCl, 10 mM NaPO 4 buffer, pH 7.4 (PBS), containing 5 mM glucose (PBS-G), washed twice in PBS-G by centrifugation at 600 ϫ g for 5 min, and resuspended in PBS-G. Sperm samples were examined under a microscope to assess cell purity and were counted to assure an equal number of cells in each sample. For most experiments, spermatozoa were obtained from a single rat male, and each experiment was repeated at least three times using a different male for each experiment. For protamine extractions, pooled spermatozoa from two males were used for each experiment; these experiments were repeated three times.
Sperm Protein Phosphotyrosine and PTP Analysis by Immunoblotting
Aliquots of equal number of sperm (2-6 ϫ 10 6 sperm/ml) were lysed in 5% SDS and 3% of 2-mercaptoethanol (ME). Other aliquots were incubated for 30 min with and without 1 mM of the disulfide reducing reagent dithiothreitol (DTT) or 1 mM of the thiol oxidizing reagent diamide, then lysed. Sperm lysates were sonicated for 10 sec, and then equal volumes were analyzed on SDS-PAGE as described previously [20] .
Analysis of phosphotyrosine and PTP was carried out on nitrocellulose membranes following gel transfer. Nitrocellulose membranes were blocked for 1 h at room temperature in a solution of 50 mM Tris, pH 7.4, 150 mM NaCl, and 0.1% Tween-20 (T-TBS) containing 1% milk, then incubated overnight with monoclonal antiphosphotyrosine antibody (BioMakor, Rehovot, Israel) or with monoclonal anti-PTP-1B antibody (FG6-1G, Oncogene Science, Cambridge, MA) as previously described [14, 31] . After washing with blocking solution, the membranes were incubated for 1 h with goat anti-mouse peroxidase-conjugated antibodies (Amersham Biosciences, Little Chalfont, England), washed in T-TBS, and analyzed using the ECL detection system (Amersham). In some experiments, membranes were stripped off and reprobed with monoclonal anti-␣ tubulin antibody (Sigma, Rehovot, Israel).
Isolation of Sperm Heads and Extraction of Protamine
Sperm protamine was extracted from sperm heads as previously described [32] . Briefly, for the isolation of sperm heads, spermatozoa were incubated with and without 10 mM of the thiol alkylating reagent Nethylmaleimide (NEM) for 40 min at 37ЊC, washed and resuspended in Tris buffer (10 mM Tris-HCl/150 mM NaCl, pH 7.4) with 10 mM DTT. Spermatozoa were sonicated (to separate heads from tails), incubated for 30 min at room temperature in the presence of 1% mixed alkyl-trimethylammonium bromide, and washed. The pellets, which contained sperm heads, were lysed in 6 M guanidinium hydrochloride (GnHCl), 0.3 M of ME, and 0.5 M Tris-HCl, pH 8.9. To extract protamine, 0.25 M HCl was added to sperm head lysates. Samples were incubated overnight, and HClsoluble proteins were precipitated with 20% trichloroacetic acid, recovered by centrifugation, and washed with acidified acetone and acetone. Protamine was analyzed by electrophoresis on acid-urea PAGE as described previously [32, 33] .
Determination of PTP Activity
PTP activity was determined by using p-nitrophenyl phosphate (p-NPP) as a substrate according to published procedures [34] . Sperm suspensions in PBS-G were incubated for 30 min in the presence and absence of 10 mM NEM. Spermatozoa were then washed and suspended in 25 mM Hepes buffer, pH 7.3, 1.0 mM DTT, and 0.1 mM PMSF, and reaction was started by the addition of 15 mM p-NPP to the samples. Samples were incubated at 37ЊC for 30 min, and the reaction was terminated by the addition of 0.1 M NaOH. The samples were centrifuged (9000 ϫ g), and the release of p-nitrophenol from p-NPP was measured spectroscopically as absorbance (optical density [O.D.]) at 410 nm.
Immunofluorescence Detection of Sperm Head Phosphotyrosine
Caput and cauda sperm suspensions were fixed in 1% paraformaldehyde for 20 min at room temperature and incubated for 10 min with 0.05% NP-40 and PBS containing 1% BSA (PBS-A). Spermatozoa were washed in PBS-A and incubated for 2 h with antimonoclonal phosphotyrosine antibodies at a concentration of 1:50 in PBS-A. Spermatozoa were washed with PBS and incubated for 15 min with anti-mouse IgG antibodies conjugated with fluorescein isothiocyanate at a concentration of 1/500. Spermatozoa were then washed twice with PBS, mounted on a microscope slide, and analyzed using an Olympus fluorescence microscope (Olympus, Tokyo, Japan).
Sperm Fractionation with Triton X-100
Sperm membranes were extracted with Triton X-100 according to published methods [35, 36] , with some modifications. Sperm isolated from caput and cauda epididymis were suspended in cold 25 mM Hepes buffer, pH 7.3, containing 1 mM DTT, 1 mM PMSF, and 0.5% Triton X-100. Sperm suspensions were sonicated for 10 sec, incubated on ice for 30 min, and centrifuged at 15 000 ϫ g. The detergent insoluble pellets were washed in Hepes buffer and resuspended in the original volume. Pellet suspensions and supernatant fractions were dissolved in 5% SDS and 3% ME and analyzed by SDS-PAGE, followed by immunoblotting for the identification of PTP.
Densitometric Analysis
Quantification of the protein bands was obtained by densitometry of the scanned Coomassie blue-stained gels and of the scanned immunoblot films. Level of the phosphotyrosine in any of the analyzed bands was expressed as relative to the Coomassie blue-stained protein band. In some experiments, the level of phosphotyrosine was expressed as relative to ␣-tubulin level.
RESULTS
Tyrosine Phosphorylation of Caput and Cauda Sperm Tail Proteins
Spermatozoa from caput and cauda were released from the epididymal duct into PBS, washed, and resuspended in PBS-G. Aliquots of sperm suspensions were lysed immediately; other aliquots were incubated for 30 min at 37ЊC before lysis. Sperm phosphotyrosine proteins were detected by immunoblotting using antiphosphotyrosine antibodies. Immunoblotting demonstrated several tyrosine phosphorylated protein bands of about 90, 37-27, and 20 kDa in caput and cauda spermatozoa. These bands exhibited higher levels of tyrosine phosphorylation in the cauda spermatozoa, as compared with the caput spermatozoa, in both incubated and nonincubated spermatozoa (Fig. 1) . Densitometric analysis (phosphotyrosine levels relative to ␣-tubulin levels) showed no significant difference between incubated and nonincubated samples. Significant differences were observed between cauda and caput spermatozoa; the levels of phosphotyrosine in the cauda sperm were 150% Ϯ 12%, 160% Ϯ 16%, and 855% Ϯ 65% of those in the caput for the 90, 37-27, and 20 kDa, respectively (mean Ϯ SEM; n ϭ 3).
Thiols in caput spermatozoa can be oxidized by diamide, and cauda sperm disulfides reduced by DTT [15, 19, 37] . To examine the effect of thiol oxidation and disulfide reduction on sperm phosphotyrosine proteins, spermatozoa were incubated in the presence and absence of diamide or DTT and lysed (see Materials and Methods). Following electrophoresis on SDS-PAGE, protein bands were identified by Coomassie blue staining. Multiple, similar protein bands, ranging from about 100 to 15 kDa, were identified in caput and cauda spermatozoa (Fig. 2A) . These proteins were mainly sperm tail proteins [20] . The Coomassie blue- stained protein profiles of spermatozoa incubated with diamide or DTT were similar to the profiles of control spermatozoa incubated in the absence of the reagents (Fig. 2A) . Following treatment of caput spermatozoa with diamide, the level of tyrosine phosphorylation was increased (Fig.  2B, lanes 1 and 2) . Following reduction of cauda sperm protein disulfides by DTT, the level of tyrosine phosphorylation was decreased (Fig. 2B, lanes 3 and 4) . The levels of phosphotyrosine in the diamide-treated caput sperm were on average 150% of those in the control spermatozoa; reduction of disulfides in the cauda spermatozoa led to diminution of tyrosine phosphorylation to about 60% of the levels in the control cells for the 90 and 37-27 kDa protein bands and completely inhibited the phosphorylation of the 20 kDa band (as estimated by densitometry of phosphotyrosine levels relative to Coomassie blue staining).
Tyrosine Phosphorylation in Protamine Extracted from Caput and Cauda Sperm Heads
Sperm protamine, the major sperm basic head protein, was isolated from caput and cauda sperm heads following treatment of spermatozoa with DTT, as described in Materials and Methods. As can be seen in Figure 3A , tyrosine phosphorylation in protamine extracted from cauda sperm was similar to that in caput sperm protamine (no significant differences were observed by densitometry). Because a high concentration of DTT is used for the isolation of heads prior to protamine extraction (see Materials and Methods), the differences in the level of protamine thiols between caput and cauda spermatozoa [19] were abolished. Under these conditions, PTP would be activated to a similar extent in caput and cauda sperm heads, diminishing any possible native, inherent differences.
To further probe the relation of protamine thiol/disulfide levels to protamine tyrosine phosphorylation and to the activity of PTP, we blocked thiols and PTP activity with NEM prior to isolation of sperm heads and protamine extraction. As can be seen in Figure 3B , following treatment of spermatozoa with NEM, protamine extracted from caput sperm demonstrated a higher phosphotyrosine level than that of protamine extracted from cauda epididymis (phosphotyrosine level in caput sperm protamine was 192% Ϯ 10.1% of the level in the cauda; n ϭ 3). The higher level of tyrosine phosphorylation in the caput than in the cauda sperm protamine observed when PTP was not active indicates that PTP is normally more active in the caput sperm head than in the cauda sperm head. These results are consistent with the notion that the lower PTP activity in cauda sperm allows increased protamine tyrosine phosphorylation. 
Immunofluorescence Localization of Phosphotyrosine Proteins in Caput and Cauda Sperm Heads
Immunofluorescence localization of phosphotyrosine proteins in caput and cauda sperm heads is demonstrated in Figure 4 . The level of phosphotyrosine proteins in the cauda sperm heads was somewhat higher than in caput sperm heads. The localization of phosphotyrosine proteins in caput sperm heads was quite different from that in the cauda sperm heads. In the caput spermatozoa, phosphotyrosine proteins were localized to the tip of the sperm head and in the connecting piece. In mature cauda spermatozoa, phosphotyrosine proteins were mostly localized to the posterior region of the head and in the connecting piece. No differences in the localization of phosphotyrosine proteins in caput and cauda sperm tails were observed (data not shown).
PTP Protein and Activity in Spermatozoa Isolated from the Caput and Cauda Epididymis
To examine whether changes in tyrosine phosphorylation during maturation are related to changes in PTP, we studied PTP expression in caput and cauda spermatozoa by immunoblotting and measured its activity. To characterize PTP protein in caput and cauda sperm, we analyzed PTP in whole spermatozoa and in sperm heads using anti-PTP-1B antibody. Three major PTP protein bands of about 50, 40, and 27 kDa were observed in caput spermatozoa (Fig.  5, lane 1) , whereas in cauda spermatozoa one major band of about 27 kDa was observed (Fig. 5, lane 2) . In the caput and cauda sperm head fractions, two major bands of about 27 and 20-18 kDa were observed (Fig. 5, lanes 3 and 4) .
To examine whether thiol oxidation/reduction can affect the PTP protein profile, spermatozoa were incubated with and without DTT or diamide and analyzed by immunoblotting. As can be seen in Figure 6 , no significant effect was observed following thiol oxidation of caput spermatozoa with diamide (Fig. 6 , lane 2 as compared with lane 1) and by reduction of cauda sperm protein thiols by DTT (Fig. 6, lane 4 as compared with lane 3) .
In order to characterize the differences between the caput and cauda sperm PTP protein, we carried out sperm fractionation using Triton X-100. Under the extraction conditions used, the supernatant fraction contains mostly sperm plasma membranes and soluble cytoplasmic components, whereas the pellet fraction contains sperm internal structures and organelles. As can be seen in Figure 7 , following Triton X-100 extraction the major PTP bands of about 27 kDa were observed in the pellets in both caput and cauda spermatozoa. The 50 kDa PTP protein band was observed in supernatant prepared from caput spermatozoa, whereas no 50 kDa band was observed in cauda spermatozoa. Thus, our results suggest that the 50 kDa PTP fraction is associated with sperm plasma membranes, whereas the PTP fractions of lower molecular masses are associated with internal sperm structures.
PTP activity in caput and cauda spermatozoa was measured using p-nitrophenyl phosphate (p-NPP) as a substrate. PTP activity was observed in both caput and cauda spermatozoa. The gross PTP activity in caput spermatozoa was two-fold higher than that of cauda sperm PTP activity (0. 
DISCUSSION
In the rat, caput spermatozoa are immature and exhibit high thiol levels, whereas in the cauda, where spermatozoa acquire fertilizing ability, sperm thiols are oxidized. Moreover, oxidation of caput sperm protein thiols improved fertilizing ability, whereas reduction of cauda sperm thiols by DTT diminished fertilization [32, 38, 39] .
It has been shown that tyrosine phosphorylation of spermatozoa from various species is increased following sperm incubation in certain culture medium [4, 23] and in capacitation medium [1, 22, 40, 41] . The enhanced tyrosine phosphorylation is associated with thiol oxidation of capacitated spermatozoa [11, 15] .
In this paper we show that several sperm tail proteins of spermatozoa isolated from cauda epididymis exhibit higher tyrosine phosphorylation than proteins of spermatozoa isolated from caput epididymis. The fact that epididymal sperm tyrosine phosphorylation of some proteins can be enhanced by thiol oxidation and diminished by reducing disulphides supports the notion that thiol status plays a role in tyrosine phosphorylation during epididymal sperm maturation, as it does later during sperm capacitation. Our results support previous immunohistochemical results that have demonstrated that caput spermatozoa show only occasional labeling of tyrosine phosphorylation on the sperm tail, whereas cauda spermatozoa show significant tail phosphotyrosine labeling [4] .
Previous immunohistochemical analysis has demonstrated differences between caput and cauda in the localization of head tyrosine phosphorylated proteins and a decrease in sperm head phosphotyrosine residues [4, 23] . Our immunofluorescence results also show a change in the localization of head phosphoproteins, but associated with a moderate increase in phosphotyrosine level during maturation. The reasons for the quantitative differences observed are not clear at present. The overall results, however, show that during rat sperm epididymal maturation, phosphotyrosine proteins become more evident at the posterior margin of the sperm head. Although protamine contains tyrosine residues [42] , tyrosine phosphorylation of this protein has not been studied. The results of the present work show tyrosine phosphorylation of protamine in caput and cauda sperm and indicate increased protamine phosphorylation during sperm maturation. The relation of the altered localization of phosphotyrosine proteins and protamine phosphorylation to chromatin condensation remains to be studied.
Protein tyrosine phosphorylation is controlled by the opposing activity of tyrosine kinases and phosphotyrosine phosphatases. It has been suggested that the regulation of tyrosine phosphorylation in mammalian spermatozoa is via cAMP/protein kinase A (PKA) pathway that appears to be unique to this cell type [1, 22, 23] . In the present work we demonstrated the contribution of phosphatase activity to sperm tyrosine phosphorylation during sperm maturation.
Under native conditions, when PTK and PTP are active, low tyrosine phosphorylation is found in several caput sperm proteins as compared with cauda sperm. Following diminution in PTP activity, while kinases remain active, sperm tail protein tyrosine phosphorylation is increased in caput sperm. Our results are also consistent with the notion of a high PTP activity in caput sperm heads and diminution during passage of sperm from caput to cauda epididymis (along with a change from high to low sperm head thiol levels).
Only limited information about PTP in mammalian spermatozoa is available. Here, we demonstrate for the first time differences between caput and cauda spermatozoa in the PTP-1B protein profile. In the rat caput spermatozoa, we observed PTP protein bands of about 50, 40, and 27 kDa, whereas in the cauda spermatozoa mostly the 27 kDa band was observed. Because sperm proteins were analyzed under denaturation and reducing conditions (with SDS and DTT), it is unlikely that the observed loss of the PTP 50 kDa band in the cauda spermatozoa is due to the presence of high molecular mass, disulfide-containing proteins in the cauda spermatozoa. It is important to note that the differences between caput and cauda sperm PTP protein bands could not be reversed by reduction or oxidation of thiols in the isolated spermatozoa. PTP variants of various molecular masses have been found in different cell types [43] [44] [45] . Hormones, such as insulin, induce changes in the relative ratio of PTP1B splice variants [44] . Thus, hormones or other epididymal factors may affect posttranscription processing of PTP during sperm maturation and cause loss of the 50 kDa variant. Alternatively, PTP may undergo degradation in the maturing spermatozoa, as previously proposed for the presence of PTP variants in other cells [46] . Such degradation may be due to oxidation of PTP, as the oxidation of a variety of proteins is known to enhance their susceptibility to degradation [47] as well as to oxidationinduced enhanced protease activity [48] . The lower activity of PTP found in cauda spermatozoa as compared with PTP activity in caput spermatozoa is thus consistent with diminished activity of PTP due to oxidation and to PTP loss.
Additional work is necessary to further study these aspects of epididymal sperm maturation.
Our results suggest that the 50 kDa PTP band is associated with sperm plasma membrane, whereas the lower molecular mass PTP bands are associated with internal sperm structures. Previous work has demonstrated a membrane-associated protein phosphatase in hamster spermatozoa [30] . The results presented here add to these findings and indicate that an association of PTP with sperm membranes is not unique to one species.
Overall, the differences in tyrosine phosphorylation between caput and cauda spermatozoa described here may in part be due to altered PTP. The relation of PTK and other factors to sperm tyrosine phosphorylation and sperm fertilizing ability remains to be studied.
